On extreme field limits in high power laser matter interactions:
  radiation dominant regimes in high intensity electromagnetic wave interaction
  with electrons by Bulanov, Sergei V. et al.
On extreme field limits in high power laser matter interactions:
radiation dominant regimes in high intensity electromagnetic wave
interaction with electrons
Sergei V. Bulanova,b,c, Timur Zh. Esirkepova, Masaki Kandoa,
James K. Kogaa, Tatsufumi Nakamuraa, Stepan S. Bulanovd,
Alexei G. Zhidkove, Yoshiaki Katof , Georg Korng
aKansai Photon Science Institute, JAEA, Kizugawa, Kyoto 619-0215, Japan
bProkhorov Institute of General Physics, RAS, Moscow 119991, Russia
cMoscow Institute of Physics and Technology, Dolgoprudny,
Moscow region 141700, Russia
dUniversity of California, Berkeley, CA 94720, USA
ePhoton Pioneers Center, Osaka University, Suita, Osaka 565-0871, Japan
fThe Graduate School for the Creation of New Photonics Industries, Japan
gELI-Beamlines, Institute of Physics, CAS, Prague, Czech Republic
Abstract We discuss the key important
regimes of electromagnetic field interaction with
charged particles. Main attention is paid to the
nonlinear Thomson/Compton scattering regime
with the radiation friction and quantum elec-
trodynamics effects taken into account. This
process opens a channel of high efficiency elec-
tromagnetic energy conversion into hard elec-
tromagnetic radiation in the form of ultra short
high power gamma ray flashes.
I. INTRODUCTION
Radiation of present day lasers approaches
the intensity regimes where in the electromag-
netic (EM) wave interaction with matter the
radiation friction effects on the charged parti-
cle dynamics become dominant [1, 2]. At these
limits the electron dynamics become dissipa-
tive [3–6] with fast conversion of the EM wave
energy to hard EM radiation, which for typi-
cal laser parameters is in the gamma-ray range
[7, 8]. For laser radiation with 1µm wavelength
the radiation friction force changes the scenario
of the EM wave interaction with matter at the
intensity of about IR ≈ 1023W/cm2. For the
laser intensity close to IR also novel physics of
abundant electron-positron pair creation comes
into play [9, 10] (see [11, 12] and [13, 16]). In
this regime, the electron (positron) interaction
with the EM field is principally determined by a
counterplay between the radiation friction and
quantum effects. The quantum electrodynamics
(QED) effects weaken the EM emission by the
relativistic electron resulting in the lowering of
the radiation friction [17, 18]. In an extremely
high intensity EM field vacuum looses its prop-
erty to be a empty substance showng such vari-
ous nonlinear QED processes as vacuum polar-
ization, electron-positron pair plasma creation,
and other properties depending on the EM field
amplitude.
In Fig. 1 we present a schematic of nonlinear
QED processes which realization depends not
only on the EM radiation intensity, but also on
the photon and charged particle energy and on
the EM field configuration [13–15]. Fig. 1 il-
lustrates a transition from the relativistic in-
teraction regime (Rel) to dominant radiation
friction (RF) and nonlinear Thomson scatter-
ing (NTS) through the limit when the quantum
electrodynamics comes into play (QED) and
to electron-positron avalance/cascade develop-
ment (A/C), towards nonlinear vacuum with
electron-positron creation (ES) and nonlinear
vacuum polarization (VP) while the EM field
intensity grows.
ar
X
iv
:1
30
4.
65
19
v1
  [
ph
ys
ics
.pl
as
m-
ph
]  
24
 A
pr
 20
13
2FIG. 1. Schematic of nonlinear QED processes.
Laser-matter interaction transition from the rel-
ativistic regime (Rel) to dominant radiation fric-
tion (RF) and nonlinear Thomson scattering (NTS)
through the limit when quantum electrodynamics
comes into play (QED) and to electron-positron
avalance/cascade development (A/C), towards non-
linear vacuum with electron-positron creation (ES)
and nonlinear vacuum polarization (VP) while the
EM field intensity increases.
The probabilities of the processes involving
extremely high intensity EM field interaction
with electrons, positrons and photons are de-
termined by several dimensionless parameters.
When the normalized dimensionless EM wave
amplitude
a =
eEλ
2pimec2
(1)
exceeds unity, a > 1, the energy of the elec-
tron quivering in the field of the wave becomes
relativistic. Here λ = 2pic/ω with ω being the
EM wave frequency. The EM wave intensity is
expressed via the normalized amplitude, a, as
Irel =
m2ec
3ω2a2
4pie2
= 1.37× 1018a2
(
1µm
λ
)2
W
cm2
. (2)
In a plane EM wave the parameter a is related
to the Lorentz invariant, which being expressed
via the 4-potential of the electromagnetic field,
Aµ, is equal to a = e
√
AµAµ/mec
2. Here and
below a summation over repeating indices µ =
0, 1, 2, 3 is assumed.
A relativistic electron interacting with an EM
wave emits high energy photons. Here and be-
low for the sake of simplicity we analyse the
dynamics of a radiating electron in a homoge-
neous rotating electric field, which corresponds
to the nodes of two colliding EM waves, where
the wave magnetic field vanishes, and/or to the
electron interaction with an EM wave in near-
critical plasmas in the frame of reference moving
with the group velocity of the wave [19].
In the regime of Nonlinear Thomson Scatter-
ing (NTS) the power emitted is proportional to
the fourth power of its energy, mec
2γ, [20]
Pγ ≈ εradmec2ωγ4e . (3)
The dimensionless parameter,
εrad =
4pire
3λ
= 1.17× 10−8
(
1µm
λ
)
, (4)
proportional to the ratio of the classical electron
radius re = e
2/mec
2 = 2.8× 10−13 cm and the
EM wave wavelength λ characterizes the role of
radiation losses. The maximal rate at which an
electron can acquire the energy from the EM
field is approximately equal to mec
2ωa. The
condition of the balance between the acquired
and lost energy for the electron Lorentz factor
equal to γe = a shows that the radiation effects
become dominant at a > arad = ε
−1/3
rad , i.e. at
the EM wave intensity above
IR =
(
3
2
)2/3
m
8/3
e c5ω4/3
4pie10/3
= 2.65× 1023
(
1µm
λ
)4/3
W
cm2
. (5)
The characteristic frequency of the emitted
radiation is proportional to the cube of the elec-
tron energy, ωm ≈ 0.3ωγ3e . QED effects be-
come important, when the energy of the pho-
ton generated by Thomson (Compton) scatter-
ing is of the order of the electron energy, i.e.
~ωm ≈ mec2γe. If γe = a this yields the QED
limit on the EM field amplitude, a2/aS > 1.
3Here the dimensionless parameter
aS =
eESλ
2pimec2
=
mec
2
~ω
=
λ
λC
= 4.2× 105
(
λ
1µm
)
(6)
is the normalized critical electric field of quan-
tum electrodynamics, ES = m
2
ec
3/e~ [21], with
λC = 2pi~/mec = 2.42 × 10−10cm being the
Compton wavelength. The EM radiation inten-
sity for the wave with the amplitude aS is
IS =
m4ec
7
4pie2~2
= 2.36× 1029 W
cm2
. (7)
The above obtained QED limit, a2/aS > 1, cor-
responds to the condition χe > 1, where rela-
tivistic and gauge invariant parameter χe
χe =
√
(Fµνpν)
2
ESmec
≈ 2 a
aS
γe (8)
characterizes the probability of the gamma-
photon emission by the electron with 4-
momentum pν in the field of the EM wave. The
4-tensor of the EM field is defined as Fµν =
∂µAν−∂νAµ. The QED limit is reached for the
EM wave intensity of the order of
IQ =
m3ec
5ω
8pie2~
= 5.75× 1023
(
1µm
λ
)
W
cm2
. (9)
The dimensionless parameter
χγ =
~
√
(Fµνkν)
2
ESmec
≈ 2 a
a2S
ωγ
ω
(10)
determines the probability of the electron-
positron pair creation by the photon with the
energy ~ωγ in the EM field via the Breit-
Wheeler process [22, 23].
Nonlinear vacuum properties are determined
by the Poincare invariants,
F = (B2 −E2)/2 (11)
and
G = (E ·B). (12)
FIG. 2. Regimes of EM field interaction in
the space of parameters E/ES , χγ , and χe. The
limit E/ES → 1 corresponds to the nonlinear QED
vacuum regimes with the electron-positron pair
ceation from vacuum and photon-photon interac-
tion. When the parameter χe becomes large, multi-
photon Compton scattering results in the high en-
ergy photon generation. For χγ > 1 the mutiphoton
Breit-Wheeler process results in electron-positron
pair generation via the gamma-photon interaction
with a strong EM field. The nonlinear Thomson
scattering regime is realized for a 1 with the ra-
diation friction effects coming in play at a > arad.
The probability of the electron-positron pair
creation depends on
E =
√√
F2 +G2 − F (13)
and
B =
√√
F2 +G2 + F, (14)
which are the electric and magnetic fields in the
frame of reference where they are parallel.
Figure 2 illustrates different regimes of the
EM interaction in the space of parameters
E/ES , χγ , and χe. In the limit E/ES → 1
the EM waves can create electron-positron pairs
from vacuum [2, 25], the EM wave can interact
via photon-photon collisions [26] and vacuum
polarization [27]. When the parameter χe be-
comes large the multiphoton Compton scatter-
ing results in the high energy photon genera-
tion. For χγ > 1 the mutiphoton Breit-Wheeler
4process results in electron-positron pair gener-
ation via the gamma-photon interaction with
the strong EM field. The nonlinear Thomson
scattering (NTS) regime is realized for a  1
with the scattering cross section depending on
the EM field amplitude. If a > arad = ε
−1/3
rad
radiation friction effects play a key role.
The comparision of expressions given by Eqs.
(5) and (9) shows that for the EM wave length
equal to λ ≈ 0.8µm the intensities IR and IQ
are of the same order of magnitude as has been
noted in Ref. [28]. The curves IR(ω) and IQ(ω)
intersect to each other at the frequency equal to
ω1 =
e4me
18~3
(15)
corresponding to the wavelength of λ1 =
0.821µm and the photon energy of the order of
1.5 eV.
It is convenient to rewrite expressions (5) and
(9) for IR(ω) and IQ(ω) in terms of the fre-
quency ω1 as
IR =
m4ec
5e2
144pi~4
(
ω
ω1
)4/3
= 3.8× 1023
(
821nm
λ
)4/3
W
cm2
(16)
and
IQ =
m4ec
5e2
144pi~4
(
ω
ω1
)
= 3.8× 1023
(
821nm
λ
)
W
cm2
. (17)
In the present paper we mainly pay attention
to the nonlinear Thomson/Compton scattering
regime when the radiation friction and quantum
electrodynamics effects play comparibly impor-
tant roles.
II. RADIATION FRICTION EFFECTS
ON CHARGED PARTICLE MOTION
In order to describe the relativistic electron
dynamics in the EM field we shall use the
equations of electron motion with the radia-
tion friction force in the Landau-Lifshitz form
[20] with a form-factor taking into account the
QED weakening of the radiation friction. The
EM wave is modeled by a rotating electric field,
which as noted above corresponds to the trans-
formation to the boosted frame of reference
moving with the group velocity of the wave. In
this frame of reference the electron equations of
motion can be written as
dq
dτ
= −a− εradGe(χe)
γe
{
γ2e
da
dτ
−a (q · a) + q
[
(γea)
2 − (q · a)2
]}
, (18)
where γ =
√
1 + q21 + q
2
2 + q
2
3 is the electron
Lorentz factor. The form factor Ge(χe) with
χe defined by Eq. (8) describes the radiation
friction reduction due to quantum effects. In
3D notation the parameter χe given by Eq. (8)
reads
χe =
γe
ES
√(
E+
1
c
v ×B
)2
− (v ·E)2. (19)
We introduce the normalized variables,
τ = ωt, q =
p
mec
, a =
eE
meωc
. (20)
The dimensionless parameter defined by Eq. (4)
determines the role of the radiation friction.
As well known, QED effects weaken the ra-
diation friction because in the quantum regime
the charged particle emits less radiation. In the
QED regime the recoil due to photon emission
becomes important. According to Refs. [17]
the total radiated intensity is reduced by a fac-
tor depending on the quantum parameter χe.
In addition, in Eq. (18) following an approach
used in Refs. [7, 9, 29, 30] we take into ac-
count the QED effects by using the form-factor,
G(χe), equal to the ratio of the full radiation
intensity, I, to the intensity emitted by a clas-
sical electron, Icl. Using the results of Refs.
[21, 31, 32] we can write the form-factor G(χe)
as
Ge(χe) =
5∫ ∞
0
12 + 15χex
3/2 + 12χ2ex
3
4
(
1 + χex3/2
)4 Φ′(x)xdx, (21)
where Φ(x) is the Airy function [33]. Here, we
neglect the effects of the discret nature of the
photon emission in the QED (see [28, 30, 34]).
In the limit χe  1 the form-factor G(χe)
tends to unity as
Ge(χe) = 1− 55
√
3
16
χe + 48χ
2
e − ...
≈ 1− 5.95χe + 48χ2e − ... . (22)
For χe  1 it tends to zero as
Ge(χe) =
32pi
27 35/6Γ(1/3)χ
4/3
e
− 1
χ2e
+
110pi
81 31/6Γ(2/3)χ
8/3
e
− 11 3
1/2
5χ3e
+ ...
≈ 0.5564
χ
4/3
e
− 1
χ2e
+
2.6
χ
8/3
e
− 3.81
χ3e
+ ... . (23)
However expression (21) and asymptotical
dependences (22) and (23) are not convenient
for implementing them in computer codes. For
the sake of calculation simplicity the approxi-
mation
GBKS(χe) ≈
1
[1 + 4.8(1 + χe)ln(1 + 1.7χe) + 2.44χ2e]
2/3
.
(24)
is usually used [29]. This expression can be fur-
ther simplified. The function
GR(χe) ≈ 1
(1 + 8.93χe + 2.41χ2e)
2/3
, (25)
which we shall use below, within the interval
0 < χe < 10 has an accuracy of approximation
better than 1%. In Fig. 3 we plot the functions
Ge(χe) andGR(χe) given by Eqs. (21) and (25),
FIG. 3. Functions Ge (lower curve) and GR (upper
curve) given by Eqs. (21) and (25), respectively,
versus χe.
respectively. We see that that their difference
is negligebly small.
We consider a rotating electric field given by
a = −a (e2 cos τ + e3 sin τ) , (26)
where e2 and e3 are unit vectors along the co-
ordinate axis in the plane perpendicular to the
direction of the EM wave propagation. We rep-
resent the electron momentum as (see also Ref.
[35]) q1q||
q⊥
 =
 1 0 00 cos τ sin τ
0 sin τ − cos τ
 q1q2
q3
 .
(27)
In the case of a rotating electric field Eq. (19)
yields for the QED parameter
χe =
a2
aS
1 + q21 + q
2
⊥
γe
. (28)
with γe =
√
1 + q21 + q
2
⊥ + q
2
||.
Substituting expressions (27) into the equa-
tions of the electron motion (18), we obtain
dq||
dτ
+ q⊥ = a− εradGe(χe)a2q|| q
2
⊥
γe
, (29)
dq⊥
dτ
− q|| =
6− εradGe(χe)
[
γea+ a
2 q⊥
γe
(
1 + q2⊥
)]
. (30)
Here and below we do not consider ultrarela-
tivistic electron beam interaction with the laser
radiation. We assume that the longitudinal
component of the electron momentum, q1, is
much less than the transverse momentum com-
ponent
√
q22 + q
2
3 , which corresponds to the case
of the laser pulse interacting with a near-critical
density plasma, when n ≈ meω2/4pie2 and
q
(0)
1 ≈ 1, the change of the momentum compo-
nent is negligible provided that the laser pulse
duration is small enough.
Multiplying equation (29) by q||/γe and equa-
tion (30) by q⊥/γe and taking the sum we find
dγe
dτ
= a
q||
γe
− εradGe(χe)
(
aq⊥ + a2q2⊥
)
, (31)
which shows how the electron acquires energy
from the electromagnetic wave and loses it due
to radiation friction.
Typical solutions of this system of equations
are presented in Fig. 4, where we show de-
pendences of the q2 and q3 components of the
electron momentum with respect to time time
(l.h.s column, Fig. 4a,c), and the q|| and q⊥
components of the electron momentum (central
coloumn, Fig. 4b,d). As we see, for a  ε−1/3rad
the electron oscillations in the (q||,q⊥) plane de-
cay slowly while for the laser pulse amplitude
values equal to or above ε
−1/3
rad , the electron os-
cillations in the rotating coordinate system de-
cay during a time of the order of or less than
the wave period. The dependence on time of
the QED parameters χe(t) and G(t) is plotted
in Fig. 4e,f. We see that for a = 0.25ε
−1/3
rad ,
i.e. at the laser intensity of the order of ≈ 1021
W/cm2 for 1µ m wavelength laser radiation the
quantum reducing of the radiation friction force
is negligibly small. Asymptotically at t → ∞
we have χe ≈ 0.1 and G1/3e ≈ 0.95. When
a = 0.75ε
−1/3
rad the quantum correction of the
the radiation friction force becomes more sig-
nificant with χe ≈ 0.3 and G1/3e ≈ 0.75 in the
limit t→∞.
Using the above obtained results we can find
border lines between the domain where the
dominant radiation friction regime takes place
(this is the domain II in Fig. 3) and the do-
main IV in Fig. 3, where QED effects must be
taken into account. They are given by different
dependencies of the EM radiation intensity on
the wave frequency. As was shown in Ref. [35],
in the limit a > arad the transverse component
of the electron momentum q⊥ ≈ (aεrad)−1/2 is
substantially less than the component parallel
to the electric field q|| = (a/εrad)1/4. Quantum
effects become important, when the value of the
QED parameter (28), which becomes equal to
χe ≈ q||/as, approaches unity. This yields in
the limit ω  ω1 for the EM wave intensity
IR−Q =
m4ec
5e2
9pi~4
= 5.6× 1024 W
cm2
. (32)
The border line between domains III and IV
for ω  ω1 in Fig. 3 corresponds to the
limit χe  1, when the asymptotic expres-
sion for the form factor Ge(χ2) is given by Eq.
(23). From the equations of the electron mo-
tion (29) and (30) we obtain, that the electron
normalized enery depends on the EM field am-
plitude as γe ≈ (a7/ε3rada4S)1/8. This yields
for the EM wave amplitude at the border line
aQ−R ≈ 96a−4S ε−3rad ≈ 324(λ4C/r3eλ). Using this
expression for aQ−R we obtain a dependence of
IQ−R(ω) in the form
IQ−R ≈
87
c5~8ω4
e14
= 8× 1021
(
ω
ω1
)4
W
cm2
. (33)
In Fig. 5 we plot the border curves
IR, IR−Q, IQ and IQ−R versus the EM wave fre-
quency. These curves subdivide the plane I, ω
to four domains. In the first domain, (I) neither
radiation friction nor QED effects are impor-
tant for the relativistic interaction of an electron
with the EM field. In the second domain, (II)
the electron – EM wave interaction is dominated
by the radiation friction force effects. In the
third domain, (III) the QED effects come into
play with insignificant radiation friction force
effects. In the high intensity limit, (IV) both
7FIG. 4. Dependence of q2 and q3 (a,b), q|| and q⊥ (c,d) and Ge and χe (e,f) on time for εrad = 10
−8 and
aS = 4.1× 105. (a,c) a = 0.25ε−1/3rad , (d,e) a = 0.75ε−1/3rad .
the QED and radiation friction force effects de-
termine the radiating charged particle dynamics
in the EM wave. The dashed lines show the de-
pendences IR(ω) at 0 < ω < ω1 and IQ(ω) at
ω > ω1.
The quantum nature of the photon emission
process results in the recoil effect which causes
the electron trajectory broadening (see review
article [36] and literature cited in). Following
this paper we can write equation describing de-
pendence on time of the mean square of the elec-
tron trajectory deflection
d∆r2
dt
=
55
48
√
3
recλC
λ
γ5e . (34)
A condition of the electron deflection during the
laser wave period 2pi/ω being of the order of the
laser wavelength, ∆r ≈ λ, shows that the quan-
tum diffusion becomes important at the electron
quiver energy corresponding to
γD =
(
24
√
3
55pi
m2ec
5
~ω2~e2
)1/5
=
2.4
α2
(ω1
ω
)2/5
,
(35)
i.e. above approximately 25 GeV. Correspond-
ing intensity is
ID = 7.2× 1026
(ω1
ω
)4/5 W
cm2
. (36)
III. INTEGRAL SCATTERING CROSS
SECTION
According to Eq. (31), the energy flux
reemitted by the electron is equal to
e (v ·E) ≈
εradGe(χe)mec
2ωγe
(
aq⊥ + a2q2⊥
)
. (37)
8FIG. 5. Curves IR(ω) and IQ(ω) subdivide the
plane I, ω to four domains. I) Relativistic inter-
action of electron with the EM field when neither
radiation friction nor QED effects are important.
II) Electron – EM wave interaction dominated by
the radiation friction force effects. III) QED effects
come into play with insignificant radiation friction
force effects. IV) Both the QED and radiation fric-
tion force effects determine the radiating charged
particle dynamics in the EM wave.
This expression is a condition of the balance be-
tween the rate of energy acquired by the elec-
tron from the EM field and the rate of the radia-
tion losses. The integral scattering cross section
by definition [20] equals the ratio of the reemit-
ted energy flux to the Poynting vector ampli-
tude, cE2/4pi. This yields an expression for the
cross section dependence on the electron mo-
mentum
σ = σTGe(χe)
(
q2⊥ +
q⊥
a
)
. (38)
Here σT is the Thomson scattering cross sec-
tion, σT = 8pir
2
e/3 = 6.65× 10−25cm2. Expres-
sion (38) can also be approximated by
σ = σT
(
γ2eGe(χe)
1 + ε2radG
2
e(χe)γ
6
e
)
. (39)
In the range of the wave amplitudes of 1 
a (εradGe)−1/3, we have q⊥  q|| with q⊥ ≈
a. The integral scattering cross section grows
as
σ ≈ σT
(
1 + a2
)
. (40)
For χe  1, i.e.
1 ε−1/3rad  a εrada2S , (41)
it reaches a maximum of σ ≈ 0.53σT ε−2/3rad at
a = 1.1ε
−1/3
rad . These dependences correspond
to the domains (I) and (III) in Fig. 6, where
the radiation friction effects are weak. Then for
a ε−1/3rad the scattering cross section decreases
according to
σ ≈ σT /aεrad, (42)
as seen in Fig. 6 as a consequence of the fact
that the maximal power reemited by the elec-
tron cannot exceed eEc. This gives a constraint
on the scattering cross section: 4pie/E. In the
limit ε
−1/3
rad  a  εrada2S the electron mo-
mentum components are q⊥ ≈ (aεrad)−1 and
q|| ≈ (a/εrad)1/4 with q⊥  q|| [35], which cor-
responds to domain (II) in Fig. 6, where the
radiation friction is dominant.
Dependences of the scattering cross section
normalized by σT and the electron energy γe
on the laser pulse amplitude a are shown in
Fig. 6. The parameters εrad = 1.75 × 10−8
and aS = 2.8×105 (curves 2) correspond to the
EM frequency equal to ω1 given by Eq. (15).
For ω = ω1/12.5 (curves 1) the EM wave length
is about λ = 10µm, which is typical for the
CO2 laser wavelength range. The case 3 with
ω = 12.5ω1 corresponds to the parameters in
the domain (IV) in Fig. 6 with the radiation
friction lowered by quantum effects.
IV. COMPUTER SIMULATIONS OF
THE RADIATION FRICTION AND QED
EFFECTS ON THE LASER PULSE
INTERACTION WITH
INHOMOGENEOUS PLASMA
The electron quivering in the laser field emits
photons whose energy is proportional to the
cube of the electron Lorentz factor: ~ωγ ≈
0.3~ωγ3e . For a  ε−1/3rad a typical value of the
photon frequency is proportional to a3. In the
9FIG. 6. Dependences of lg(σ/σT ) and of lg(γe) on
lg(a). 1) ω = ω1/12.5, 2) ω = ω1, 3) ω = 12.5ω1.
limit of high laser intensity a  ε−1/3rad the fre-
quency scales as ωγ = ω(a/εrad)
3/4. For multi-
petawatt laser radiation the emitted photon en-
ergy is in the gamma ray energy range.
The gamma-ray pulse energy, duration and
divergence are determined by the laser pulse
amplitude and by the plasma target density
scale length. We analyse the density scale
length effect on the parameters of the emited
gamma-flash. Fig. 7 illustrates the concept of
the high power gamma-ray flash generation in
the laser-matter interaction.
During interaction of super-high-power laser
light with matter the laser pulse is subject to
various instabilities. Among them the most im-
portant is the relativistic self-focusing resulting
in the laser pulse modulation and channeling.
It leads to the increase of the laser pulse ampli-
tude and to the decrease of the electron density
in the interaction region, which change the laser
energy depletion length and the parameters of
the gamma-rays emitted. Thorough studying
of these effects and of the effects of the plasma
inhomogeneity require computer simulations.
We performed studies of the laser pulse inter-
action with high density targets using a two-
FIG. 7. The concept of high power gamma-ray flash
generation in the laser-matter interaction.
dimensional (2D) particle-in-cell (PIC) code
where the radiation friction force has been in-
corporated in the Landau-Lifshitz form as has
also been done in Refs. [37]. In addition, the
QED radiation friction weakening is taken into
account by multiplying the radiation force by a
form-factor Ge(χe)) given by Eq. (25). We note
that results of detailed computer simulations of
the high power gamma ray flash emission by a
multi-petawatt pulse laser have been presented
in Ref. [8], where the QED contribution was
assumed to be negligebly small. In that paper
the plasma target inhomogeneity has been sug-
gested for optimization of the EM wave energy
convertion to the gamma ray energy flash.
In the simulations, the laser pulse has the
power Plas is equal to 100PW with the pulse
duration of Tlas = 30 fs.
In the tailored plasma target the density
changes exponentially, n ∝ exp(x/L), with the
plasma inhomogeneity scale length, L, from
0.1ncr to 350ncr in the interval ≈ 20µm, and
then becomes constant having a thickness of
10µm.
The simulation box has a width equal to
80µm and a length varying from 50µm to
210µm. The mesh has a spatial resolution of
∆x = ∆y varying from 1/40µm to 1/200µm
with a temporal resolution of ∆t = 0.0025 fs.
The plasma is comprised of electrons and ions
with a mass to charge ratio corresponding to
A/Z = 2, corresponding to fully ionized Car-
bon. The average number of quasiparticles is
10
about 4× 108.
Simulation results for the parameters of in-
terest are shown in Figs. 7 and 8. The 100
PW laser pulse with the normalized ampli-
tude a = 474 interacts with the plasma tar-
get, whose density inhomogeneity is character-
ized by a scale length equal to L = 2.5µm.
Fig. 8 a) shows the dependence on time of the
electron Ee, ion Ei and total energy Etot when
the radiation friction force and the QED effects
are neglected. We see that the laser pulse en-
ergy at first is converted to the electron energy
and then to the ion energy. In Fig. 8 b) we plot
the same dependences of the electron, ion and
total energy and the energy of emitted gamma-
rays in time for the case with the radiation fric-
tion force taken into account but without QED
effects. In this case a major part of the laser
pulse energy is transferred to the gamma-ray
flash. Fig. 8 d) presents the gamma ray pulse
power Pγ and energy Eγ versus time in this case.
The maximal gamma ray pulse power is equal
to 45 PW. If the radiation friction force and
the QED effects are incorporated into the model
the conversion of the laser pulse energy to the
gamma ray radiation becomes lower as it is seen
in Figs. 7 c) and e). The maximum gamma ray
pulse power becomes equal to 40 PW.
Fig. 9 illustrates the hole boring by the laser
pulse in the tailored plasma targets when nei-
ther the radiation friction force nor QED effects
are taken into account (see 9 a), where the elec-
tron density distribution in the (x, y) plane is
shown at t = 140fs and d) with the laser electric
field distribution presented for the same time),
when the radiation friction force is present but
QED effects are neglected (9 b) and e)), and
when the radiation friction force and QED ef-
fects are incorporated into the description (9
c) and f)). The radiation friction makes the
hole walls less modulated and the laser pulse
less filamented compared to the case when the
radiation force effects are neglected. The QED
corrections lower the radiation force resulting in
a slightly more modulated laser pulse and hole
wall.
The efficiency of the laser energy conversion
to the energy of the gamma-ray flash, κeff , de-
pends on the laser pulse power. In Fig. 10 we
compare the coversion efficiency with and with-
out the quantum correction of the radiation fric-
tion for 30 fs laser pulses with the power in the
range from 0.1 PW to 100 PW. As we see in the
relatively low power limit the quantum effects
are negligebly small. At the laser power equal
to 10 PW the conversion efficiency is 0.25 and
0.3, and for the 100 PW laser pulse we have 0.55
and 0.65, respectively.
V. SPECTRUM OF THE RADIATION
EMITTED BY AN ENSEMBLE OF
ULTRARELATIVISTIC ELECTRONS
The frequency spectrum of a relativistic elec-
tron rotating along the trajectory with the ra-
dius of curvature, R, is given by the expression,
dIγ(ωγ , E)
dωγ
=
√
3
2pi
e2
c
E
mec2
u(ωγ , E)
∞∫
u(ωγ ,E)
K5/3(x)dx. (43)
which is well known in the classical electrody-
namics [20]. Here Kν(z) is the modified Bessel
function [33]. The electron energy is assumed
to be E  mec2, me and c are the electron
mass and the speed of light in vacuum, respec-
tively. The function of the electron energy,
u(ωγ , E) = ωγ/ωc, is the ratio of the ratio of
the emitted photon frequency ωγ to the critical
frequency equal to
ωc =
3c
2R
( E
mec2
)3
. (44)
In the limit u(ωγ , E)  1 expression (43)
yields dI/dωγ ≈ (e2/c)(ωγR/c)1/3, while for
u(ωγ , E) 1 we have
dI
dωγ
≈
√
3pi
2
e2
c
E
mec2
u(ωγ , E)2e−u(ωγ ,E). (45)
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FIG. 8. Computer simulation of a 100 PW laser pulse interaction with a tailored target. a) Time evolution
of the electron Ee, ion Ei and total energy Etot with no radiation friction force and QED effects. b) Ee, ion
Ei, gamma-ray Eγ and total energy Etot with the radiation friction force but without QED effects. c) Ee,
ion Ei, gamma-ray Eγ and total energy Etot with the radiation friction force and with the QED effects. d)
The gamma ray pulse power Pγ and energy Eγ vs time with the radiation friction force but without QED
effects. e) Pγ and Eγ vs time with the radiation friction force and QED effects. Time is measured in fs.
Units of the energy and power are J and PW , respectively.
FIG. 9. Computer simulation of the hole boring by a 100 PW laser in the tailored target. a,b,c) The
electron density distribution and d,e,f) and the laser electric field in the (x, y) plane at t = 140fs. For a)
and d) no radiation friction force and QED effects are taken into account. b) and e) show the hole boring,
when the radiation friction force is present but without the QED effects. e) and f) correspond to the case
of the nonvanishing radiation friction force and QED effects.
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FIG. 10. Comparison of the coversion efficiency of
the laser energy to the energy of the gamma-rays
for a 30 fs laser pulse interacting with the tailored
target when the quantum correction of the radiation
friction is taken into account (dots) and when it is
neglected (solid curve).
Electrons rotating along the circles with
the same radius emit electromagnetic radia-
tion with the same frequency spectrum indepen-
dently of the particular radiation mechanism.
In the case of synchrotron radiation when the
ultrarelativistic electron with the energy E ro-
tates in a homogeneous magnetic field the Lar-
mor radius in the limit E  mec2 is equal to
rB = E/eB. The characteristic photon fre-
quency of the synchrotron radiation according
to Eq. (44) is given by ωc = (3/2)ωB(E/mec2)2,
where ωB = eB/mec is the Larmor frequency.
The characteristic energy of a photon emit-
ted via nonlinear Thomson scattering of the
circularly polarized electromagnetic wave scales
with the electron quiver energy as ωc =
(3/2)ω0(E/mec2)3, where ω0 is the laser fre-
quency. The energy of the electron quivering in
plasma under the action of an electromagnetic
wave with an amplitude of a = eE/meωc  1
is of the order of E = amec2. For a laser fre-
quency of the order of 1015s−1 the emitted pho-
ton energy is in the gamma-ray range if a > 102
which corresponds to a laser intensity higher
than 1022W/cm2.
Computer simulations of a petawatt power
short laser pulse interaction with a near-critical
plasma [8] show that the electron energy spec-
tra in the interval E < Em can be approximated
by a power-law dependence. For the energy
E < Em the spectrum has exponential form.
Under the conditions of the simulations pre-
sented in Ref. [8] the energy, Em, is of the order
of 50 MeV. The electron energy distribution can
be described by the dependence
dN(E)
dE = KE
−κ exp
(
− EEm
)
. (46)
For the parameters corresponding to the results
presented in [8] the power index equals κ ≈ 0.8.
The averaged spectrum of the emitted pho-
tons is given by the integral
J(ωγ) =
∞∫
0
dIγ(ωγ , E)
dωγ
dN(E)
dE dE , (47)
where the functions dIγ/dωγ and dN(E)/dE are
determined by Eqs. (43) and (46).
We analyze the spectrum of the radiation
emitted in the process of nonlinear Thomson
scattering of a circularly polarized electromag-
netic wave, when the function u(ωγ , E) is
uC(ωγ , E) = 2
3
ωγ
ω0
(
mec
2
E
)3
. (48)
Substituting the functions (43) and (46) to
(47) and performing integration over E we ob-
tain the averaged spectrum of the emitted pho-
tons
JC(ωγ) = QC ω
2−κ
3
γ FC (m, κ) , (49)
where
QC =
√
3K
2pi
e2
c
(
2
3ω0
) 2−κ
3
(mec
2)(1−κ), (50)
m =
Em
mec2
(
3ω0
2ωγ
) 1
3
(51)
and
FC (m, κ) =
13
−(1+κ)m
∞∫
0
K5/3(x)Γ
(
−1− κ, 1
x
1
3 m
)
dx.
(52)
Here Γ(a, z) is the incomplete gamma function
[33]. The function FC (m, κ) can be expressed
in terms of hypergeometric functions.
In the low frequency range, ωγ 
(3/2)ω0(Em/mec2)3, using the asymptotic rep-
resentation of the incomplete gamma function
at x−
1
3 −1m → 0,
Γ
(
−1− κ, 1
x
1
3 m
)
=
Γ(−1− κ) + −(1+κ)m
x
1+κ
3
1 + κ
− −κm
x
κ
3
κ
+ ... , (53)
we obtain
FC (∞, κ) = 2
κ−2
3
1 + κ
Γ
(
κ− 1
6
)
Γ
(
κ+ 9
6
)
,
(54)
where Γ(x) is the gamma function [33]. This
expression is valid provided κ > 1. We see that
the spectrum has the power form,
JC(ωγ) ∼ ω
2−κ
3
γ . (55)
If the power index is greater than 2, κ > 2,
the dependence JC(ωγ) is monotonically de-
creasing as ωγ/ω0 → ∞. For 1 < κ < 2 the
function JC(ωγ) grows with ωγ . In this case as
well, if the power index is less than unity, κ < 1,
we should take into account that the electron
energy spectrum is truncated at the high en-
ergy end.
Analyzing the asymptotic behaviour of the
function FC (m, κ) given by Eq. (52) as m →
∞ for κ < 1 we find the low frequency scaling
(ωγ  (3/2)ω0(Em/mec2)3, κ < 1)
JC(ωγ) ≈
√
3e2
pic
( Em
mec2
)(1−κ)
Γ
(
2
3
)
Γ (1− κ)
(
ωγ
3ω0
)1/3
.
(56)
Considering the limit m → 0, which cor-
responds to the high frequency range, ωγ 
(3/2)ω0(Em/mec2)3, we obtain
FC (m, κ) ≈
√
pi
2
−κm
∞∫
0
dxx
1+2κ
6 exp
(
−x− 1
x1/3m
)
∝ exp
(
− 4
33/4
3/4
m
)
, (57)
i. e., the spectrum decreases exponentially with
photon frequency,
JC(ωγ) ∼ exp
[
−4
(
2ωγm
3
ec
6
51ω0E3m
) 1
4
]
. (58)
As a result we see that the frequency spectrum
has a maximum at
ωγ,m ≈ 14.2× ω0
( Em
mec2
)3
. (59)
For the parameters of the simulations presented
in [8] the characteristic energy Em is of the order
of 38 MeV. This yields for the photon energy,
εγ,m = ~ωγ,m, corresponding to the spectrum
maximum εγ,m ≈ 6 MeV.
VI. CONCLUSION
With Kilo-Joule lasers high field science will
enter novel regimes of electromagnetic radiation
interaction with matter when radiation friction
force effects result in the high efficiency conver-
sion of the energy of the EM wave into the en-
ergy of hard EM radiation in the form of ultra
short high power gamma ray flashes. The en-
ergy spectrum of the gamma-ray flash emitted
by the relativistic electrons has a typical form
with a maximum which dependence on the pa-
rameters is given by Eq. (59).
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